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ABSTRACT
The aim of this research is to show that the processes of absorption charge-
exchange and photo-association in A + B+ collisions together with the processes of
AB+ photo-dissociation in the case of strongly non-symmetric ion-atom systems, sig-
nificantly influence the opacity of stellar atmospheres in ultraviolet (UV) and extreme
UV (EUV) region. In this work, the significance of such processes for solar atmosphere
is studied. In the case of the solar atmosphere the absorption processes with A = H
and B = Mg and Si are treated as dominant ones, but the cases A = H and B = Al
and A = He and B = H are also taken into consideration. The choice of just these
species is caused by the fact that, of the species relevant for the used solar-atmosphere
model, it was only for them that we could determine the necessary characteristics of
the corresponding molecular ions, i.e. the molecular potential curves and dipole ma-
trix elements. It is shown that the efficiency of the examined non-symmetric processes
within the rather wide corresponding quasi-molecular absorption bands in the far-UV
and EUV regions is comparable and sometimes even greater than the intensity of
the known symmetric ion-atom absorption processes, which are included now in the
models of the solar atmosphere. Consequently, the presented results suggest that the
non-symmetric ion-atom absorption processes also have to be included ab initio in the
corresponding models of the stellar atmospheres.
Key words: atomic processes – molecular processes – radiation mechanisms: general
– radiative transfer –stars: atmospheres
1 INTRODUCTION
Significant influence of at least some of the ion-atom ra-
diative processes on the optical characteristics of the so-
lar atmosphere has already been established. Here we mean
the following symmetric processes of molecular ion photo-
dissociation/association and radiative charge exchange in
ion-atom collisions
ελ +H
+
2 ←→ H+H
+, (1)
ελ +H
+ +H←→ H+H+, (2)
which were studied in the context of the atmosphere of the
Sun in (Mihajlov & Dimitrijevic´ 1986; Mihajlov et al. 1993,
1994b, 2007). Let us note that here H = H(1s), H+2 is the
⋆ E-mail: mihajlov@ipb.ac.rs
molecular ion in the ground electronic state, and ελ - the
energy of a photon with wavelength λ. Of course, the results
obtained in the mentioned articles are significant and for
atmospheres of other solar or near solar type stars.
Only the processes (1) and (2) were taken into account
in the mentioned papers, since the contribution of other sym-
metric ion-atom radiative processes to the solar-atmosphere
opacity could be completly neglected due to the composi-
tion of the atmosphere, while the possible non-symmetric
processes were excluded from the consideration because of
the orientation of the research, alredy established in the first
paper (Mihajlov & Dimitrijevic´ 1986), towards the visible
and near UV and IR parts of the electro-magnetic (EM)
spectrum. However, in Mihajlov et al. (2007) it was demon-
strated that the efficiency of the processes (1) and (2) be-
comes close to the total efficiency of the concurrent electron-
ion and electron-atom radiative processes outside of these
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parts of the EM spectrum, namely in far UV and EUV re-
gions. It is important that just these spectral regions are very
significant in the case of the solar atmosphere. This is caused
by the fact that the solar emission in far UV and EUV re-
gions very strongly affects the ionosphere every day, and by
extension the whole of the Earth’s atmosphere. Therefore
the solar EM emission in the mentioned regions has been
the object of extensive investigation for a long time (see the
classic book: White (1977)), which continues up until now
(see e.g. Worden et al. (2001); Woods (2008); Woods et al.
(2009)). It is clear that in this context it becomes necessary
to pay attention not only to the symmetrical ion-atom pro-
cesses (1) and (2), but also to each new process which might
affect the mechanisms of EM radiation transfer in far UV
and EUV regions in the solar atmosphere, and consequently
the corresponding optical characteristics. These facts sug-
gested that it could be useful to carefully examine also the
possible influence of the relevant non-symmetric ion-atom
radiative processes on the solar-atmosphere opacity, namely
ελ +AB
+ −→ A+ +B, (3)
ελ +A+B
+ −→ A+ +B, (4)
ελ + A+B
+ −→ (AB+)∗, (5)
where B is an atom in the ground state with its ioniza-
tion potential IB smaller than the ionization potential IA of
the atom A, while AB+ and (AB+)∗ are the corresponding
molecular ions in the electronic states which are asymptoti-
cally correlated with the states of the systems A+ B+ and
A+ + B respectively, and the possible partners are deter-
mined by the used solar-atmosphere models. One can see
that the processes (3) and (4) represent the analogues of
the processes (1) and (2), while the process (5) does not
have a symmetric analogue. In this work the standard non-
LTE model C for the solar atmosphere from Vernazza et al.
(1981) is used. The reason is the fact that as yet all the rel-
evant data needed for our calculations are provided in the
tabular form only for this model, and that in Stix (2002)
the solar atmosphere model C from Vernazza et al. (1981)
is treated as an adequate non-LTE model. In accordance
to the chosen model here we take into account the non-
symmetric processes (3-5) with A = H(1s) and B = Mg, Si,
Fe and Al, as well as with A = He(1s2) and B = H(1s).
For the solar photosphere the behavior of the densities of
the metal Mg+, Si+, Fe+ and Al+ ions is particulary im-
portant. Namely, in accordance with the Tab’s 12, 17 and
19-22 from Vernazza et al. (1981) this behavior, as well as
the behavior of the temperature T and the ion H+ density,
within the solar photosphere can be illustrated by the Fig.1,
where h is the height of the considered layer with the re-
spect to the chosen referent one. The region of h is chosen
here in accordance with the Fig.4 from the previous paper
Mihajlov et al. (2007), where the relative efficiencies of the
symmetric ion-atom processes (1) and (2) with the respect
to the relevant concurrent (electron-atom and electron-ion)
radiative processes are presented. This region is slitted in
three parts: two denoted with I, which corresponds to the
areas where the efficiency of the processes (1) and (2) with
A = H is close to the one of the mentioned concurrent pro-
cesses, and one denoted with II, where their efficiencies can
be neglected. From the figure 1 one can see that in the parts
I the ion H+ density dominates with the respect to all metal
ion B+ densities, which means that within these parts it is
expected that the efficiency of the symmetric processes (1)
and (2) is more grater than the one of the non-symmetric
processes (3-5). However, from the same figure one can see
also that:
- in the part II, i.e. in the neighborhood of the temperature
minimum, each of the ion B+ densities is greater then the
ion H+ density,
- the width of the part II is close to the total width of the
parts denoted with I.
From here it follows that, in the principle, the contribution
of the non-symmetric processes (3-5) to the solar atmosphere
opacity can be comparable to the one of the symmetric pro-
cesses (1) and (2), since in the both non-symmetric and
symmetric cases as the neutral partner the same atom H
appears, and that symmetric and non-symmetric ion-atom
radiative processes together could be treated as a serious
partner to the above mentioned concurrent processes in the
whole solar photosphere.
In the general case of the partially ionized gaseous plas-
mas, apart of the absorption processes (3-5), it is neces-
sary to consider also the corresponding inverse emission pro-
cesses, namely: the emission charge exchange and photo-
association in A+ +B collisions, and the photo-dissociation
of the molecular ion (AB+)∗. However, here only the absorp-
tion processes (3) and (4) have to be taken into account.
Namely, under the conditions from Vernazza et al. (1981)
the influence of the emission processes in A+ +B collisions
on the optical characteristics of the considered atmospheres
can be neglected in comparison to the other relevant emis-
sion processes, since both A+ and B partners belong to the
poorly represented components.
From the beginning of our investigations of ion-atom
radiative processes as the final aim we have always the in-
clusion of the considered processes in the stellar atmospheres
models. Here it should be noted that we considered as our
task only to provide the relevant data (the corresponding
spectral absorption coefficients etc.), which are needed for
the stellar atmospheres modeling, without involving into
the process of the modeling itself. Consequently, for us it
was important only to know whether the processes, which
we studied in connection with the considered stellar atmo-
sphere, are included in the corresponding models or not.
So during the previous investigations, whose results were
published in Mihajlov & Dimitrijevic´ (1986); Mihajlov et al.
(1993, 1994b, 2007), we reliably knew that, for example,
the processes of the radiative charge-exchange 2 generally
were not taken into account in connection with the solar
atmosphere. Apart of that, it was known that the photo-
dissociation processes 1 were seriously treated only when
the atom and ion (H and H+) densities are close, while
our results suggested that the processes (1) and (2) are of
the greatest importance for the weakly ionized stellar lay-
ers (ion density/atom density . 10−3). These reasons fully
justified the mentioned investigations. It is important that
the situation about the symmetric processes (1) and (2)
begins to change now in the positive way, since these pro-
cesses are already included in some solar atmosphere models
(Fontenla et al. 2009).
The main aim of this work is to draw attention to the
non-symmetric radiative processes (3)-(5) as the factors of
c© 2008 RAS, MNRAS 000, 1–11
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Figure 1. The behavior of the temperature T and the densities
NH+ and NB+ of the ions H
+ and the metal ions B+ for the
non-LTE model C from Vernazza et al. (1981) within the solar
atmosphere.
the influence on the solar atmospher opacity in the signifi-
cant parts of UV and EUV regions and, in accordance with
above mentioned, to show that these processes should be in-
cluded ab initio in the solar atmosphere models, as well as in
the models of solar and near solar type stars, together with
the symmetric processes (1) and (2). In this context we will
have to determine here the corresponding spectral absorp-
tion coefficients, as the functions of λ, the local tempera-
ture T and the relevant particle densities, for the conditions
which correspond to the photosphere of the Sun. For that
purpose the needed characteristics of the considered ion-
atom systems, i.e. the molecular potential curves and dipole
matrix elements, are presented in Section 2. Then, the rel-
evant characteristics of these processes themselves, i.e. the
mean thermal cross-sections for the photo-dissociation pro-
cesses (3), and the spectral rate coefficients for the absorp-
tion charge exchange processes (4) and (5), will be presented
in Section 3. With the help of these characteristics in Section
4 will be calculated the total spectral absorption coefficients,
characterizing (3), (4) and (5) absorption processes as the
functions of λ and the position within the solar photosphere.
Finally, the values of the parameters which characterize the
relative contribution of the non-symmetric processes (3)-(5)
with the respect to the total contribution of the symmetric
and non-symmetric radiative processes (1)-(5), which are
also calculated in Section 4, presents the one of the main
results of this work. Because of the properties of the con-
sidered strongly non-symmetric ion-atom systems only the
far-UV and EUV regions of λ are treated here. Let us note
that we were able to determine the relevant characteristics
of the molecular ions HB+ for the cases B = Mg, Si and Al,
and consequently only these cases are considered within this
work.
Uin
Ufin
Uin;J
Ufin;J’
v,J
v’,J’
E=Eimp
E’
bf fb ff
R0
Uin,fin
E’imp
DI
Figure 2. Schematic presentation of the non-symmetric processes
(3-5) caused by the bf-, ff-, and fb-radiative transitions: ∆I =
IA − IB , where IA and IB are ionization potentials of the atoms
A and B; E = Eimp and E′impa - the impact energies of the
corresponding ion-atom systems; Uin;J (R) and Ufin;J′(R) - are
the effective potentials, given by equation (12).
2 THE PROPERTIES OF THE
NON-SYMMETRIC ION-ATOM SYSTEMS
As in the previous papers the ion-atom radiative processes
are described here within two basic approximations: the
adiabatic approximation for the relative motion of the nu-
cleus of the considered ion-atom systems, and the dipole
approximation for the interaction of these systems with
the free electromagnetic field. Since these approximations
are discussed in details in the literature (see for example
Mihajlov & Popovic´ (1981)), the corresponding matter is
considered here briefly, with references only to the elements
specific just for the non-symmetric processes (3-5), which
are schematically shown in Fig. 2.
In accordance with Fig. 2 the photo-dissociation
(bound-free) processes (3), charge-exchange absorption
(free-free) processes (4), and photo-association (free-bound)
processes (5) are caused by the radiative transitions
|in;R > |in, J, v;R >→ |fin;R > |fin, J ′, E′;R >,
|in;R > |in, J,E;R >→ |fin;R > |fin, J ′, E′;R >,
|in;R > |in, J,E;R >→ |fin;R > |fin, J ′, v′;R >,
(6)
where |in;R > |in, J, v;R > and |in;R > |in, J,E;R >
are initial, and |fin;R > |fin, J ′, E′;R >, |fin;R >
|fin, J ′, E′;R > and |fin;R > |fin, J ′, v′;R > are final
states of considered ion-atom system, determined as the
products of the adiabatic electronic states |in;R > and
|fin;R > and the corresponding states which describe rel-
ative nucleus motion, and R denotes the internuclear dis-
tance. It is assumed that these transitions are allowed by
the dipole selective rules.
From Fig.2 one can see that:
- |in;R > and |fin;R > belongs to the groups (i) and (ii)
of the states of the molecular ions AB+ and (AB+)∗ which
are asymptotically correlated with the electronic states of
the ion-atom systems A+B+ and A+ +B respectively;
-|in, J, v;R > and |fin, J ′, v′;R > are the bound ro-
vibrational states of the same molecular ion, defined by the
orbital quantum numbers J and J ′ and vibrational quantum
numbers v and v′;
-|in, J,E;R > and |fin, J ′, E′;R > are the free states of the
c© 2008 RAS, MNRAS 000, 1–11
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same molecular ion defined by the orbital quantum numbers
J and J ′ and the total energies E and E′. Let us note that as
zero of energy here is taken the total energy of the immobile
atom A and ion B+ at R =∞.
The states |in, J, v;R >, |in, J,E;R >, |fin, J ′, E′;R >
and |fin, J ′, v′;R > are determined as the solutions of the
corresponding Schrodinger equations
[−
1
2µ
∆+ Uin;J (R)]|in, J, v;R〉 = ǫJ,v · |in, J, v;R〉, (7)
[−
1
2µ
∆+ Uin;J (R)]|in, J,E;R〉 = E · |in, J,E;R〉, (8)
[−
1
2µ
∆+Ufin;J′(R)]|fin, J
′, E′;R〉 = E′imp · |fin, J
′, E′;R〉,
(9)
[−
1
2µ
∆+Ufin;J′(R)]|fin, J
′, E′;R〉 = ǫ′J′,v′ · |fin, J
′, E′;R〉,
(10)
where µ is the reduced mass of the considered ion-atom sys-
tem,
E′imp = E
′ − (IA − IB), (11)
and ǫ′J′,v′ < 0. With Uin;J (R) and Ufin;J′(R) are defined
the effective potential energies given by
Uin;J (R) = Uin(R) +
~
2J(J + 1)
2µR2
,
Ufin;J′(R) = Ufin(R) +
~
2J ′(J ′ + 1)
2µR2
,
(12)
where Uin(R) and Ufin(R) are the adiabatic potential en-
ergies of the molecular ions AB+ and (AB+)∗ in the states
|in;R > and |fin;R > as the functions of R. In further
consideration it is assumed that the radial wave functions
which correspond to the considered states satisfy the stan-
dard ortho-normalization conditions.
In the case A = He and B = H, as well as in the cases
A = H and B = Mg or Al, each of the groups (i) and (ii) of
the electronic molecular states contains only one Σ-state: the
ground and the first excited electronic state of the considered
molecular ion. Because of that in these cases we will denote
the states |in;R > and |fin;R > with |1;R > and |2;R >
respectively, and the corresponding potential curves - with
U1(R) and U2(R). Let Din;fin(R) be the electronic dipole
matrix element which corresponds to the transitions given
in Eqs. (6), i.e.
Din;fin(R) =< in;R|D(R)|fin;R >, (13)
where D is the operator of the dipole moment of the con-
sidered ion-atom system. One can see that in the mentioned
cases
Din;fin(R) = D1;2(R) ≡< 1;R|D(R)|2;R > . (14)
However, in the case A = H and B = Si, the group (i) con-
tains the ground electronic Σ-state and the excited, weekly
bounded Π-state, denoted here with |1a;R > and |1b;R >
respectively, while the group (ii) contains two Σ-states and
one Π-state, denoted here with |2a;R >, |2b;R > and
|2c;R > respectively. In accordance with this, the corre-
sponding potential curves will be denoted by U1a,1b(R) and
U2a,2b,2c(R). One can see that, in this case we have the situ-
ations when |in, R >= |1a;R > and |fin, R >= |2a;R > or
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Figure 3. The potential curves of the molecular ion HMg+.
|2b;R >, and |in, R >= |1b;R > and |fin, R >= |2c;R >.
Consequently, the corresponding Din;fin(R) will be defined
here by the relations
Din;fin(R) =


D1a;2a(R) ≡< 1a;R|D(R)|2a;R >
D1a;2b(R) ≡< 1a;R|D(R)|2b;R >
D1b;2c(R) ≡< 1b;R|D(R)|2c;R >
(15)
For the ions HeH+ and (HeH+)∗ the potential curves
U1,2(R) and the values of D1;2(R) are taken from
Green et al. (1974b,a). For all other considered molecular
ions the corresponding potential curves and the values of the
dipole matrix elements are calculated within this work. Also,
we will introduce the so called splitting term Uin;fin(R), de-
fined by
Uin;fin(R) = Ufin(R)− Uin(R), (16)
which is used in the further considerations.
All calculations were done at the multi-configuration
self-consistent field (MCSCF) and multi-reference configura-
tion interaction (MRCI) levels (with MCSCF orbitals) using
the MOLPRO package of programs (MOLPRO 2006). The
basis sets we employed were the cc-pvqz basis sets of Dun-
ning et al. (Dunning 1989; Kendall et al. 1992). Initially, test
runs were done in the asymptotic region (30 Bohr) at the
lowest three to five levels at each selected symmetry to deter-
mine the low lying levels corresponding to the H-B+ and the
H+-B electron distributions and their wave functions (B =
Mg, Si, Al). For each level a Mulliken population analysis
was done to determine the location of the charges. Since H
has the highest ionization potential, the lowest states of a
given symmetry correspond to the H-B+ charge distribution
while the H+-B charge distribution is described by one or
more of the excited states. The potential energies of all these
states were calculated starting at the asymptotic region and
moving inwards. At each point the dipole matrix elements
between the H-B+ and H+-B states were calculated using
the corresponding wave functions. The calculated potential
curves are presented in Figs. 3-5. Figures 6-8 show the be-
havior of D1;2(R), D1a;2a;b(R) and D1b;2c(R).
c© 2008 RAS, MNRAS 000
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Figure 6. The behaviour of the electronic dipole matrix element
D1;2(R), given by equations (13) and (14), for the molecular ion
HMg+.
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Figure 7. The behavior of dipole matrix elements D1a;2a;b(R)
andD1b;2c(R), given by equations (13) and (15), for the molecular
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3 THE RELEVANT SPECTRAL
CHARACTERISTICS
In accordance with the aim of this work the considered ab-
sorption processes will be characterized by the adequately
defined spectral absorption coefficients. We will start from
the bound-free, free-free and free-bound absorption pro-
cesses, caused by the radiative transitions given by Eqs.(6),
for the given species A and B. In the cases A = H and B =
Mg and A = He and B = H where the transitions given
by Eqs.(6) are connected with only one initial and one final
Σ-electronic state, the corresponding spectral absorption co-
efficients are denoted here with κ
(bf)
AB+
(λ, T ), κ
(ff)
AB+
(λ, T ) and
κ
(fb)
AB+
(λ, T ), where T is the local plasma temperature in the
solar atmosphere.
However, it follows from the above mentioned that in
the case A = H and B = Si we will have the transitions
from two initial Σ- and Π-electronic states to two final Σ-
and one final Π-electronic states. Because of that in this
case we will have three groups of the spectral absorption
c© 2008 RAS, MNRAS 000, 1–11
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coefficients κ
(bf,ff,fb)
AB+
(λ, T ; i, f), which correspond to these
transitions.
3.1 The bound-free processes.
In the usual way the spectral absorption coefficients
κbf (λ, T ), which characterize the efficiency of the photo-
dissociation process (3) are defined by
κ
(bf)
AB+
(λ, T ) = σ
(phd)
AB+
(λ, T ) ·NAB+ , (17)
where N(AB+) is the local density of the considered molec-
ular ion AB+, and σphd is the corresponding mean thermal
photo-dissociation cross section, which is given by
σ
(phd)
AB+
(λ, T ) =
∑
J,v
(2J + 1)e
−EJ,v
kT · σJ,v(λ)
∑
J,v
(2J + 1)e
−EJ,v
kT
, (18)
where σJ,v(λ) is the partial photo-dissociation cross-section
for the ro-vibrational states with given quantum numbers
J and v, and EJ,v - the energies of these states with the
respect to the ground ro-vibrational states. It means that
EJ,v = Edis + ǫJ,v, where Edis is the dissociative energy of
the ion AB+, and the energies ǫJ,v < 0 are determined from
Eq.(7) together with the wave functions of the considered
ro-vibrational states. Within the dipole approximation the
partial cross-sections σJ,v(λ) are given by the expressions
σJ,v(λ) =
8π3
3λ
[
J + 1
2J + 1
|DJ,v;J+1,E′
imp
|2
+
J
2J + 1
|DJ,v;J−1,E′
imp
|2],
(19)
DJ,v;J±1,E′
imp
=< in, J, v;R|Din,fin(R)|fin, J ± 1, E
′ >,
(20)
where E′ = ǫJ,v + ελ, E
′
imp and E
′ are connected with
Eq.(11), and Din,fin(R) is given by Eqs. (13) - (15).
Keeping in mind that the deviations from the local
thermodynamical equilibrium (LTE) of the used model C
from Vernazza et al. (1981) are not related to the considered
bound-free processes, we will take the photo-dissociation co-
efficient κ
(bf)
AB+
(λ, T ) in an equivalent form, suitable for fur-
ther considerations, namely
κ
(bf)
AB+
(λ, T ) = K
(bf)
AB+
(λ, T ) ·NANB+ , (21)
K
(bf)
AB+
(λ, T ) = σ
(phd)
AB+
(λ, T ) · χ−1(T ;AB+), (22)
χ(T ;AB+) =
[
N(A)N(B+)
N(AB+)
]
, (23)
where the factor χ is given by the relation
χ(T ;AB+) =
gAgB+
gAB+
(
µkT
2π~2
) 3
2
·
1∑
J,v
(2J + 1)e
Edis−EJ,v
kT
,
(24)
where gAB+ , gA and gB+ are the electronic statistical
weights of the species AB+, A and B+ respectively, and
σ
(phd)
AB+
(λ, T ) is given by Eqs. (18)-(28). The behavior of the
photo-dissociation cross section σ
(phd)
AB+
(λ, T ) and the bound-
free spectral rate coefficient K
(bf)
AB+
(λ, T ) are illustrated in
Figs. 9 and 10, on the example of the case A = H and B =
Mg, for 110 nm . λ . 205 nm and T = 4000 K, T = 6000 K,
T = 8000 K and T = 10000 K. These figures show that ex-
ist a significant difference between temperature dependence
of the mean thermal photo-ionization cross section and the
corresponding spectral rate coefficient.
3.2 The free-free processes.
The very fast approaching of the electronic dipole matrix ele-
mentsDin,fin(R) to zero with the increasing of R in the case
of the non-symmetric ion-atom systems, which is illustrated
by Figs. 6-8, makes possible to apply here the complete
quantum mechanical treatment not only to the bound-free
and free-bound absorption processes (3) and (5), but to the
free-free absorption process (4). Namely, it can be shown (see
for an example Lebedev & Presnyakov (2002)) that the free-
free spectral absorption coefficients κ
(ff)
AB+
(λ, T ) can be ex-
pressed over the quantities σ
(ff)
AB+
(λ,E) ≡ σ
(ff)
AB+
(J,E, λ; J ±
1, E′imp) in the form
κ
(ff)
AB+
(λ, T ) = K
(ff)
AB+
(λ, T ) ·NANB+ ,
K
(ff)
AB+
(λ, T ) =
∞∫
0
(
2E
µ
) 1
2
σ
(ff)
AB+
(λ,E)fT (E)dE,
(25)
where fT (E) is the Maxwell impact energy distribution func-
tion
fT (E) =
2
π1/2(kT )3/2
e
− E
kBT E1/2dE, (26)
and σ
(ff)
AB+
(λ,E) is given by
σ
(ff)
AB+
(λ) =
gA+gB
gAgB+
8π4~2ελ
3c · 2µE
·
[
(J + 1) · |DJ,E;J+1,E′
imp
|2 + J · |DJ,E;J−1,E′
imp
|2
]
,
(27)
DJ,E;J±1,E′
imp
=< in, J,E;R|Din,fin(R)|fin, J ± 1, E
′ >,
(28)
where E′imp and E
′ = E + ελ are connected with Eq.(11),
gA+ , gB, gA and gB+ are the electronic statistical weights
of the species A+, B, A and B+ respectively. One can see
that the quantity σ
(ff)
AB+
can be treated as the effective cross
section, but is expressed in units cm4s, and the rate coeffi-
cient K
(ff)
AB+
(λ, T ) is equal to the absorption coefficient for
the unit densities N(A) and N(B+).
3.3 The free-bound processes.
Similarly to the free-free case the free-bound spectral ab-
sorption coefficients κ
(fb)
AB+
(λ, T ) is taken here as
κ
(fb)
AB+
(λ, T ) = K
(fb)
AB+
(λ, T ) ·NANB+ , (29)
where the rate coefficient K
(fb)
AB+
(λ, T ) can be also ex-
pressed over the corresponding free-bound cross sec-
tion. In accordance with Mihajlov & Ignjatovic´ (1996) and
Ignjatovic´ & Mihajlov (1999) it can be presented in the form
K
(fb)
AB+
(λ, T ) =
(2π)3
3~λ
(
2π~2
µkT
)3/2 ∑
J′,v′
( µ
2E
)1/2
e−
E
kT ·CJ′,v′ ,
(30)
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CJ′,v′ =
g(AB+)∗
gAgB+
·[J ′|DJ′−1,E;J′,v′ |
2+(J ′+1)|DJ′+1,E;J′,v′ |
2],
(31)
DJ′±1,E;J′,v′ =< in, J
′ ± 1, E;R|Din,fin(R)|fin, J
′, v′ >,
(32)
where E = IA − IB − ελ + ǫJ′;v′ , g(AB+)∗ is the electronic
statistical weights of the molecular ion (AB+)∗, ǫJ′;v′ < 0
-the energy of the ion (AB+)∗ in the ro-vibrational state
with the orbital and vibrational quantum numbers J ′ and
v′, and summing is performed over all these ro-vibration
states. Let us note that within this paper we will neglect ev-
erywhere the corrections for stimulated emission as in all the
cases considered here the corresponding corrections (given
the relevant values of the ratio ελ/kT ) would be at a level
of 0.01%.
The behavior of the free-free and free-bound spectral
rate coefficients K
(ff)
AB+
(λ, T ) and K
(fb)
AB+
(λ, T ) is illustrated
by the Figs. 11-13, on the examples:
A = He and B = H for 60 nm. λ .115 nm and T = 4000
K, 6000 K and 8000 K;
A = H and B = Mg for 150 nm. λ .220nm and T = 4000
K, 6000 K, 8000 K and 10000 K;
A = H and B = Si, for the transition X1Σ+ → B1Σ+, for
190 nm . λ . 220 nm and T = 4000 K, 6000 K, 8000 K
and 10000 K.
These figures show that in the general case the absorp-
tion processes caused by the free-free and free-bound transi-
tions (6) have to be considered together since their relative
efficiency, characterized by K
(ff)
AB+
(λ, T ) and K
(fb)
AB+
(λ, T )
significantly changes from one to other ion-atom system.
Let us note that at least some of the picks, existing in Figs.
11-13 which illustrate the shape of the profiles K
(ff)
AB+
(λ, T )
and K
(fb)
AB+
(λ, T ), can be connected with the extremums
of the corresponding splitting terms. Such phenomena in
connection with the ion-atom systems were discussed al-
ready in Mihajlov & Popovic´ (1981). Let us note that in
the case of non-symmetric atom-atom systems the similar
phenomena were also investigated earlier (Vezˇa et al. 1998;
Skenderovic´ et al. 2002).
3.4 The partial and total non-symmetric spectral
absorption coefficients.
The partial absorption coefficients which characterize the
individual contribution of the considered ion-atom systems
are denoted here with κAB+ (λ) ≡ κAB+ (λ, T ;NA, NB+). In
accordance with the above mentioned we have that
κAB+ (λ) = κ
(bf)
AB+
(λ, T ) + κ
(ff)
AB+
(λ, T ) + κ
(fb)
AB+
(λ, T ), (33)
in the cases A = He and B = H, and A = H and B = Mg
and Al, κAB+ (λ), and that
κHSi+(λ) =
1
3
[κHSi+;1(λ; Σ)+κHSi+;2(λ; Σ)]+
2
3
κHSi+(λ; Π),
(34)
where κHSi+;1(λ; Σ) and κHSi+;2(λ; Σ) describe the contri-
bution of the radiative transitions X1Σ+ → B1Σ+ and
X1Σ+ → C1Σ+ respectively, and κHSi+(λ; Π) - the contribu-
tion of the transition A1Π → 21Π. The spectral absorption
coefficients κ
(bf)
AB+
(λ, T ), κ
(ff)
AB+
(λ, T ) and κ
(fb)
AB+
(λ, T ) are de-
fined by Eqs. 17-24, 25-28 and 29-32 respectively.
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Figure 9. The behaviour of the mean thermal photodissociation
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(λ; T ) for the molecular ion HMg+.
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Figure 10. The behaviour of the bound-free (bf) spectral rate
coefficient K
(bf)
HMg+
(λ; T ) for the molecular ion HMg+.
The total contribution of the mentioned non-symmetric
ion-atom absorption processes to the opacity of the consid-
ered stelar atmospheres within this work is described by the
spectral absorption coefficient κia;nsim(λ) ≡ κia;nsim(λ;T ),
given by
κia;nsim(λ) =
∑
κAB+ (λ), (35)
where the partial coefficients κAB+(λ;T ) are given by Eqs.
(33) and (34), and summing is performed over all considered
pairs of atom and ion species (A, B+). It is assumed that
these coefficients are determined with the plasma tempera-
ture T and the atom and ion densities taken from the used
model of the considered atmosphere.
4 RESULTS AND DISCUSSION
The absorption coefficients, as functions of the plasma’s tem-
perature and the atomic and ionic densities in the solar pho-
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Figure 11. The behavior of the free-free (ff) and free-bound (fb)
spectral rate coefficients K(ff,fb)(λ; T ) for HeH+.
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Figure 14. Quiet Sun. Spectral absorption coefficient
κnsim(λ, T ), given by equation (36) for 200 nm6 λ 6 230
nm.
tosphere, are determined here based on the non-equilibrium
model C from Vernazza et al. (1981), where these parame-
ters are presented as functions of the height (h) of the consid-
ered layer with respect to the chosen referent layer. The total
non-symmetric spectral absorption coefficient κia;nsim(λ) is
taken here, in accordance with Eq. (35), in the form
κia;nsim(λ) = κHeH+(λ) + κHMg+(λ) + κHSi+(λ), (36)
where the partial spectral absorption coefficients κAB+ (λ)
are determined using the above expressions for the bf , ff
and fb rate coefficients. The results of the calculations of
κia;nsim(λ) as a function of h, for -75 km6 h 61100 km are
presented in Figs. 14-16 which cover the part of UV and
EUV region where 40 nm6 λ 6230 nm. Consequently, this
part covers all regions of λ relevant for the considered ion-
atom systems (see Figs. 9-13). In accordance with this, Fig.
14 illustrates the common contribution of the HMg+ and
HSi+ absorption continua, while Fig. 15 refers to the region
of exclusive domination of the HMg+ continuum. Finally,
the Fig. 16 illustrates the HeH+ absorption continuum.
As the characteristics of the non-symmetric absorp-
tion processes (3)-(5), in the context of their influence on
the solar atmosphere opacity, here it is used the quantity
G
(nsim)
tot (λ) defined by the relations
G
(nsim)
tot (λ) =
κia;nsim(λ)
κia;tot(λ)
, κia;tot(λ) = κia;nsim(λ)+κia;sim(λ),
(37)
where κia;sim(λ) characterize the contribution of the sym-
metric ion-atom absorption processes (1) and (2). In accor-
dance with these relations the quantity G
(nsim)
tot (λ) describes
the relative contribution of the non-symmetric processes (3)-
(5) to the total absorption caused by all ion-atom absorp-
tion processes. Let us note that the use of κia;sim(λ) as a
referent quantity is justified as these symmetric processes
are now already included in some solar atmosphere models
(Fontenla et al. 2009).
It is clear that apart of the quantity G
(nsim)
tot (λ) as
the characteristics of the processes (3)-(5) could be used
some other quantities, e.g. the ratio κia;tot(λ)/κia;sim(λ),
which describes the direct increase of the efficiency of the
c© 2008 RAS, MNRAS 000, 1–11
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Figure 16. Same as in Fig.14, but for 40 nm6 λ 6 110 nm.
ion-atom absorption processes caused by the inclusion of
the non-symmetric ones. However, in the case of the so-
lar atmosphere it would be very difficult to use this ra-
tio. Namely, in accordance with Vernazza et al. (1981) in
the part of the solar atmosphere around its temperature
minimum the proton densities NH+ << NB+, where B =
Mg and Si, and consequently the quantity [κia;nsim(λ) +
κia;sim(λ)]/κia;nsim(λ) >> 1. Consequently, the behavior of
this quantity can be hardly shown in the whole region of
h in the same proportion. Because of that, as the charac-
teristic of the significance of the non-symmetric absorption
processes (3)-(5) for the solar atmosphere in UV and EUV
region, the quantity G
(nsim)
tot (λ) is used, since from its defi-
nition follows that always 0 < G
(nsim)
tot (λ) < 1. The values
of κia;sim(λ), needed for the G
(nsim)
tot (λ) determination, are
taken from Mihajlov et al. (2007).
The calculated values of G
(nsim)
tot (λ) as function of h, for
the chosen set of λ, are presented in Figs.17-19. From these
figures one can see that around the mentioned temperature
minimum (T .5000 K, 150 km. h .705 km) the contri-
bution of non-symmetric processes (3)-(5) are dominant in
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(nsim)
tot (λ) and
0.1 . G
(nsim)
tot (λ) < 0.5 respectively.
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Figure 18. Same as in Fig.17, but for 160 nm 6 λ 6 195 nm.
respect to the symmetric processes (1) and (2). Such region
of the non-symmetric processes domination is denoted in
these figures as the region ”I”. Apart of that, Figs. 17-19
show that within the rest of the considered region of h there
are significant parts where the relative contribution of the
non-symmetric processes is close to or at least comparable
with the contribution of the symmetric ones. In the same
figures these parts are denoted as regions ”II”.
In order to additionally show the importance of the
considerations in the case of the solar atmosphere of
the non-symmetric processes (3)-(5) here, similarly to
Mihajlov et al. (2007), it was performed the comparison of
the efficiencies of the ion-atom absorption processes and
the efficiency of such concurrent processes as the ion H−
photo-detachment and the electron-hydrogen atom inverse
”bremsstrahlung” (H− continuum). Namely, among relevant
concurrent absorption processes just these electron-atom
ones can be treated until now as the dominant in the spec-
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tral region which was considered in Mihajlov et al. (2007).
For that purpose in this work it was compared the behavior
of the quantity
F (sim)ea (λ) =
κia;sim(λ)
κea(λ)
, (38)
which is similar to the correspond quantity from
Mihajlov et al. (2007) and characterize the relative effi-
ciency of the ion-atom symmetric processes and H− con-
tinuum, and the quantity
F (tot)ea (λ) =
κia;tot(λ)
κea(λ)
, (39)
which characterize the increasing of the total efficiency
of the ion-atom radiative processes after the including
in the consideration of the non-symmetric processes (3)-
(5). In these expressions κia;tot(λ) is given by Eq.(37),
the spectral absorption coefficient κia;sim(λ) character-
izes the ion-atom symmetric processes (1) and (2) and
is taken from Mihajlov et al. (2007), and the spectral ab-
sorption coefficient κea(λ) describes the H
− continuum.
In the case of the solar atmosphere κea(λ) is determined
based on of Stilley & Callaway (1970), Wishart (1979)
and Vernazza et al. (1981). The behavior of F
(sim)
ea (λ) and
F
(tot)
ea (λ), as the functions of h, is presented in Fig.20. This
figure shows that the inclusion in the consideration of the
non-symmetric processes (3)-(5) causes the significant in-
creases of the total efficiency of the ion-atom absorption
processes, particulary in the neighborhood of the solar at-
mosphere temperature minimum, where it become close to
the efficiency of the H− continuum.
In connection with the above mentioned let us note
that according to Vernazza et al. (1981) in the neighbor-
hood of the solar atmosphere temperature minimum (50
km. h .650 km) the Fe component gives the maximal indi-
vidual contribution to the electron density in respect to the
Mg and Si components. It means that the inclusion in the
consideration of the processes (3)-(5) with A = H and B =
Fe would surely significantly increase the total contribution
of the non-symmetric ion-atom absorption processes, per-
haps for about 50%. Because of that we have as the task for
the nearest future to find the data about the relevant char-
acteristics of the molecular ion HFe+, since the data from
Vernazza et al. (1981) make possible to perform all needed
calculations.
Let us note also that, according to the data from
Vernazza et al. (1981) and Fontenla et al. (2009), in the so-
lar atmosphere it should be include in the consideration
the non-symmetric processes (3)-(5) with A = H, where B
is the atom of the one of such components (C, Al etc.),
which give visible contribution in narrow regions of h and
λ. Now we have only the data needed for the case A =
H and B = Al, whose contribution is noticeable in the re-
gion 140 nm. λ .155 nm. Since there is a certain differ-
ence between shapes of the lower potential curves for the
ion AlH+, presented in Fig. 5 and the corresponding figure
from Guest & Hirst (1981), whose nature by now is not com-
pletely clear, the contribution of the processes (3)-(5) with
A = H and B = Al was not included in the calculations
described above. However, we think that this contribution
can serve to estimate the usefulness of the inclusion in the
consideration of these processes. For that purpose we pre-
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sented in Fig. 21 the results of the calculations of the ratios
(κia;nsim(λ) + κAlH+(λ))/κia;nsim(λ), as function of h, for
140 nm6 λ 6155 nm, where κia;nsim(λ) was determined ac-
cording to Eq.36. The behavior of this ratios presented in
above mentioned figure, in the region 200km < h < 700km,
is caused by the fast decrees of the corresponding ion species
concentration. This figure clearly demonstrate the fact that
in the significant parts of the solar photosphere the inclu-
sion in the consideration of the processes (3)-(5) with A =
H and B = Al should noticeably increase the total contri-
bution of the non-symmetric ion-atom processes. The above
mentioned suggest that the contribution of all metal compo-
nents which by now were not included in the consideration
could significant increase the total efficiency of the ion-atom
radiative processes, which is characterized by the quantity
F
(tot)
ea (λ) in Fig.20. The results presented in Figs.17-19 and
20 shows that the neglecting of the contribution of the non-
symmetric processes (3)-(5) to the opacity of the solar atmo-
sphere, in respect to the contribution of symmetric processes
c© 2008 RAS, MNRAS 000, 1–11
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Figure 21. The ratio (κia;nsim(λ) + κAlH+(λ))/κia;nsim(λ),
where κia;nsim(λ) is given by equation (36) and κAlH+ (λ) by
equation (33) for A = H and B = Al, as a function of h for the
Solar atmosphere for 140 nm6 λ 6 155 nm.
(1) and (2) would caused significant errors. From here it
follows that the non-symmetric absorption processes (3)-(5)
should be ab initio included in the solar atmosphere models.
5 CONCLUSIONS
From the presented material it follows that the considered
non-symmetric ion-atom absorption processes can not be
treated only as one channel among many equal channels with
influence on the opacity of the solar atmosphere. Namely,
these non-symmetric processes around the temperature min-
imum increase the absorption of the EM radiation, which
is caused by all (symmetric and non-symmetric) ion-atom
absorption processes, so that this absorption becomes al-
most uniform in the whole solar photosphere. Moreover, the
presented results show that further investigations of these
processes promise to demonstrate that they are of similar
importance as the known process of photo-detachment of
the ion H−, which was treated until recently as absolutely
dominant. Namely, the inclusion of the non-symmetric ab-
sorption processes into consideration with A = H and B =
Fe, as well as some other similar processes (with A = H
and B = Al etc), would significantly increase the contribu-
tion of such processes to the solar-atmosphere opacity. All
mentioned facts suggest that the considered non-symmetric
ion-atom absorption processes should be included ab initio
in the solar-atmosphere models, as well as in the models of
solar and near solar type stars.
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